Abstract Free-living marine nematodes were employed in ecological studies and were proven to be suitable bioindicators of pollution-induced effects on the benthic domain. This study represents the first attempt to use nematode descriptors in order to assign ecological quality (EcoQ) status to areas along the Sarawak coasts, thus integrating the methods actually applied by the Department of Environment (DOE). Three nematode parameters, i.e. colonizer-persister percentage, maturity index (MI), and Shannon diversity index (H ), were used, as they are recognized as the best descriptors of EcoQ status in coastal habitats. The thresholds applied to the nematode parameters for the Sarawak study sites showed predominantly moderate and bad EcoQ status, with the exception of the Similajau site, which being close to a national park was found to have good EcoQ. The sites with the worst EcoQ were characterized by low salinity values, suggesting riverine inflows as a primary source of pollution, likely from the discharge of untreated wastes. This was confirmed by both the H and MI indices, which showed a close positive relation with salinity. Results obtained for the Niah site may suggest that Btraces^of pollution were left in the nematode assemblages that could not be detected from other parameters of the water column. This investigation shows that analysis of nematode descriptors could be effectively applied to ecological assessment criteria within environmental policies of rapid growth countries such as Malaysia. Furthermore, it certainly suggests the need for management and conservation actions in the Sarawak coasts aimed at more sustainable use of the marine resources to prevent the loss of biodiversity.
Introduction
Coastal seas suffer from several local stresses including pollution, eutrophication and fishing effects, but also from phenomena such as global warming and ocean acidification (Doney 2010) . Sale et al. (2014) documented a progressive reduction in ecosystem functionality and resilience, leading to loss of essential goods and services for human populations, especially in tropical regions subject to rapid industrial development.
Malaysia, in the southern extremity of the Asian continent, hosts a rich biodiversity of fauna and flora, having been recognized as one of the 12 most ecologically diverse countries in the world (van Steenis 1979; Shuttleworth 1981; Whitmore 1984; Myers 1990 ). However, it has experienced enormous growth in the industrial, agricultural and tourism sectors in recent decades, resulting in numerous environmental problems including deforestation, pollution, overfishing and destruction of coral reefs. These disturbances have led to an unpredictable rate of change in terrestrial and water systems, with a general rapid loss of both faunal and flora biodiversity and habitat (e.g. brackish system coastal marine and mangrove areas, seagrass beds, salt-and freshwater marshes, Communicated by D. Zeppilli freshwater ponds), requiring special attention (Primack and Hall 1992; Saw 2010; Hill et al. 2012) .
The Department of Environment (DOE) is the principal Malaysian environmental protection agency, aimed at the prevention, reduction and control of anthropogenic disturbance and enhancement of ecological quality. The objective of the DOE is to preserve the natural resources of Malaysia through enforcement of the Environmental Quality Act (EQA 1974) , which restricts the discharge of wastes into the environment unless licensed by the DOE.
The monitoring of water quality in Malaysia began in 1978, but it has been applied to coastal waters only since 1999. Until 2010, the Interim Marine Water Quality Standard (IMWQS) set limits for the concentrations of nine substances as parameters for assessing the ecological status of the Malaysian coastal waters: Escherichia coli, oil and grease, total suspended solids, arsenic, cadmium, chromium, copper, lead and mercury. However, as several authors have demonstrated, studies based only on physicochemical variables (Goodsell et al. 2009; Semprucci et al. 2016) or single indicator organisms such as E. coli, an indicator of fecal contamination (see Boi et al. 2015 for review), may provide only a partial description of ecosystem status. In this respect, various international regulations, including two European Union directives (Water Framework Directive, 2000/60/EC, and Marine Strategy Framework Directive, 2008/56/EC), have acknowledged the relevance of indices based on benthic invertebrates for effectively documenting the ecological status of marine areas (Van Hoey et al. 2010; Borja et al. 2014; Semprucci et al. 2014a Semprucci et al. , 2015a . Macrobenthos descriptors (e.g. assemblage structure, indices based on tolerant or sensitive species, presence or absence of indicator species such as AMBI, BENTHIX, M-AMBI) are used globally for determining the effects of anthropogenic impact on water bodies (e.g. Borja et al. 2000 Borja et al. , 2008 Simboura and Zenetos 2002) . However, interest in the use of free-living nematode features in marine biomonitoring has increased in recent years. Nematodes, in fact, are the most abundant and diverse biotic component of marine soft bottoms and have a recognized role in marine ecosystem functioning (see Balsamo et al. 2010; Appeltans et al. 2012 for review). Furthermore, their intermediate position in the trophic chain, short biological life cycle and direct contact with pollutants make them very good bioindicators of environmental changes (Balsamo et al. 2012; Moens et al. 2013) . Moreno et al. (2011 ), Semprucci et al. (2014a , 2015a and Ürkmez et al. (2014) tested various nematode parameters (e.g. taxonomic and trophic diversity, colonizer-persister classes, maturity index) for assessing ecological quality (EcoQ) in temperate regions (Mediterranean Sea and Black Sea). Among the parameters studied, the maturity index, colonizer-persister classes and Shannon diversity appeared to be the best descriptors for monitoring marine EcoQ . The same descriptors were applied for ecological assessment of the Indian Ocean by Semprucci et al. (2014b) and the Gulf of Mexico by Soto et al. (2017) , with promising results.
The present investigation was carried out in Sarawak, the largest state of Borneo, which has experienced a significant deterioration in the quality of freshwater and marine habitat. Soo et al. (2017) documented bad water quality in particular along the southwestern Sarawak coastline, which appears to be largely related to prevailing human land use patterns (i.e. sewage and aquaculture discharge and agricultural runoff). Nagarajan et al. (2015) also reported an increase in trace elements in certain beaches in northern Sarawak due to intensification of both human activity along the coasts and riverine discharge. Indeed, extensive urbanization and land depletion have introduced a significant amount of waste into water bodies, with the consequent runoff from polluted rivers into the coastal system (Huang et al. 2015) .
Data on the benthos of this state are very scarce and are largely limited to basic studies on the diversity and ecology of macrobenthos (i.e. Piamthipmanus 1999; Hamli et al. 2012) and meiobenthic nematodes (e.g. Chen et al. 2012) , with no information available on the EcoQ of the sediments based on macrobenthic and meiobenthic assemblages.
Accordingly, ten sites in the state of Sarawak were sampled, each in front of a river mouth. The aim of this study was threefold: 1) to use nematode descriptors in order to assess the ecological quality (EcoQ) status of the Sarawak coastal area from the Punang to the Sematan rivers; 2) to offer a possible new tool for evaluating the anthropogenic impact in Malaysian ecosystems; and 3) to calibrate the nematode descriptors for tropical regions.
Materials and methods

Field sampling
Sampling was carried out in 2008 along the coast of Sarawak during the dry season. The sediment samples for the study of nematode assemblages were collected from subtidal sites located in front of the river mouths of ten estuaries (Fig. 1 , Table 1 ). Study sites, sampling, experimental design and sample processing techniques are described in detail in Chen et al. (2012) . The Limbang (S2), Lutong (S3) and Kabong (S9) sites are in the proximity of towns, and the Punang (S1) and Sematan (S10) sites are near small villages; all are classified by the DOE as slightly polluted areas. The Niah (S4), Mukah (S6) and Batang (S7) sites are located in areas with heavy logging activity and oil palm plantations, which have caused conditions of pollution (i.e. at Mukah and Batang) in recent years. The Similajau (S5) site is near a national park, and showed high ecological quality. The Jerijih river (S8) is a small tributary of the Rajang River, the longest river in Malaysia, and has been classified by the DOE as polluted (see Tables 1 and 2) .
A brief summary of the methods is presented below. Sampling was carried out during low tide. Sediments were collected using a Perspex corer with an inner diameter of 2.5 cm, driven to a depth of 5 cm (Tita et al. 2000) . Three sediment samples were taken at each station, which were then fixed in 4% formaldehyde solution (according to Danovaro et al. 2004 ). An additional sediment sample was taken at each station for analysis of grain size, and physicochemical parameters (i.e. sa-
] and pH) were measured using a HORIBA U-20 XD multi-parametric probe.
Laboratory analysis
Sediment analysis was carried out according to Buchanan (1984) and Bale and Kenny (2005) , and the percentages of sand, silt and clay were calculated. The nematode fauna was obtained according to Somerfield et al. (2005) . Nematode specimens in each sample were counted, mounted on permanent slides with anhydrous glycerol and identified under an optical microscope (Olympus BX51) using the Platt (1983) and Warwick (1988) pictorial keys, and the Warwick et al. (1998) and NeMys online identification keys (Guilini et al. 2016) . 
Data analysis
Aggregation of nematode data identified at species to genus levels was suggested by Somerfield and Clarke (1995) in order to reduce regional effects. Therefore, the data set published by Chen et al. (2012) was aggregated at the genus level before calculating the nematode parameters. The maturity index (MI), Shannon diversity index (H ) and colonizer-persister (c-p) classes were chosen as parameters for determining the EcoQ of the Malaysian coastal waters according to Semprucci et al. (2015a) . The MI (Bongers 1990; Bongers et al. 1991) was calculated as the weighted average of the individual c-p values:
, where υ is the c-p value of genus i, and f (i) is the frequency of that genus. Bongers (1990) suggested this index as a semiquantitative measure of nematode response to an environmental disturbance. Specifically, Bongers distinguished r-strategist species (colonizers, or c-p1), which are more tolerant to environmental perturbations, from k-strategist species (persisters, or c-p5), which are more sensitive. The Shannon diversity index (log 2 -based H , Shannon and Wiener 1949) was calculated to describe the nematode assemblage at the genus level. Among the diversity indices, H was selected for the EcoQ class definition due to its wide application in field studies (see Semprucci and Balsamo 2014 for review) . Principal component analysis (PCA) was applied to nematode parameters (c-p%, MI, H ) and environmental data (salinity, temperature, DO, pH, sand, silt and clay). Prior to statistical analysis, a logarithmic transformation [log(1 + ×)] of data was performed to remove the effects of differences in orders of magnitude between variables, to normalize the data and to increase the importance of smaller values (Coccioni et al. 2009 ). Nematode parameters were used as active variables, while environmental data were projected on the factor plane as supplementary variables with no contribution to the analytical results (Semprucci et al. 2014a) . PCA may provide a subdivision of the river mouths based on the projection of the cases in the factor plane and insight into the possible influence of the environmental variables on the nematode parameters using projection of the variables (STATISTICA version 8 software).
The classification of EcoQ follows the thresholds proposed by Moreno et al. (2011) and subsequently modified by Semprucci et al. (2014a, b) (Table 3 ). The final classification was obtained by merging the EcoQ results for all nematode parameters considered in this study. The results for c-p%, MI and H were combined by averaging when the values led to three different EcoQ classes, while the predominant EcoQ class was assigned when at least two of the EcoQ classes obtained were the same (Fig. 2) . 
Results
The data on the environmental parameters are summarized in ) and Similajau (148.0 ± 50.9 ind. 10 cm −2 ), while Mukah appeared to be completely defaunated (Table 5) . A total of 51 nematode species belonging to 20 genera were recorded. The most abundant genera were Pseudocella (20%), Sabatieria (16%) and Daptonema ( 1 4 % ) , f o l l o w e d b y P a ro d o n t o p h o r a ( 6 % ) a n d Terschellingia (5%). The lowest H values were revealed at Limbang (S2, 0.2 ± 0.3) and Kabong (S9, 0.8 ± 1.1), and the highest at Lutong and Niah (S3 and S4, 2.4 ± 0.6 and 2.4 ± 0.0, respectively), followed by Jerijih and Sematan (S8 and S10, respectively, both 2.1). The lowest MI values were recorded at Kabong (S9, 2.0 ± 0.0) and Niah (S4, 2.1 ± 0.0), and the highest at Limbang (S2, 4.9 ± 0.2) and Similajau (S5, Shannon index (H ) H > 4.5 3.5 < H < 4.5 2.5 < H < 3.5 1 < H < 2.5 0 < H < 1 Fig. 2 Principles for obtaining the final classification of the ecological quality status (EcoQ) by means of nematode descriptors 4.2 ± 0.1), followed by Jerijih (S8, 3.0 ± 0.4), Punang (S1, 2.9 ± 0.1) and Lutong (2.7 ± 0.1). As for the c-p classes, only c-p1 (extreme colonizers) was not found. C-p2 (general colonizers) were generally dominant in the study area. The lowest percentages were found at Similajau (24%), and the highest at Limbang and Kabong (100%, represented by Pseudolella, Parodontophora, Daptonema and Sabatieria), followed by Niah (90%, mainly Metachromadora and Trileptium), Sematan (75%, mainly Sabatieria, Hopperia and Metachromadora). Overall, c-p3 was the second most dominant class, although it was completely absent at Limbang and Kabong, while it was the most abundant class at Batang (53%, mainly Choniolaimus, Spirinia and Sphaerolaimus) and Punang (S1, 38% mainly Terschellingia). C-p4 (persisters) were poorly represented in the study area, with the highest values at Jerijih (42%, mainly Halalaimus and Dorylaimida species), followed by Lutong (26%, mainly Pomponema), with less than 6% presence at the other sites. C-p5 (extreme persisters) were found at only two sites: Similajau and Punang (69% and 18%, respectively, comprising mostly Pseudocella). The first two principal components together explained 76% of the variance. The first component (PC1) accounted for 52% of the variance and was affected mainly by H (−0.93), MI (−0.88), c-p3 (−0.81) and c-p2 (−0.80), while the secondary variables were DO (−0.47) and salinity (−0.45) (Fig. 3) . PC2 explained 24% of the variance and was mainly influenced by the primary variables c-p5 (−0.91) and c-p4 (0.68). The secondary variables affecting the second factor plane were temperature (−0.55), pH (0.49), and silt and clay percentages (−0.45 and −0.43, respectively; Fig. 3 ). PCA analysis carried out for the entire area and showing the case projections is illustrated in Fig. 4 .
Discussion
Malaysia is recognized as one of most diverse countries in the world (Myers 1990) . It is host to important marine ecosystems including coral reefs, seagrasses, mangroves, mudflats and estuaries; however, marked socioeconomic growth in recent years has caused a rapid loss of biodiversity and habitat alteration that threatens the conservation of natural resources (Hill et al. 2012) . Nowadays, numerous sources of pollution contribute to changes in the ecological quality of Malaysian water bodies, and can be harmful to aquatic organisms as well as to human health (Nyanti et al. 2012; Amneera et al. 2013) .
Within the benthos domain, macrofauna is the most commonly applied bioindicator in monitoring programs; Vanaverbeke et al. (2011) , however, showed that nematodes may reveal different aspects of the benthic ecosystem status, and the incorporation of both macrofauna and nematodes in monitoring surveys may enable a better understanding of the factors influencing the seafloor. The use of nematodes as bioindicators is further supported by the finding that reductions in the functional (i.e. trophic) diversity of nematode assemblages can indicate a loss of marine ecosystem functioning (Danovaro et al. 2008) . Thus, when the data on the nematode parameters of the Sarawak area were analyzed by PCA, the H , MI, c-p3 and c-p2 were found to contribute mainly to PC1, which was positively correlated with DO and salinity (Fig. 3) . Class cp5 contributed mainly to PC2 and was positively related to temperature and mud fraction, and class c-p4 to pH. Among the ten river mouths, the case projection revealed a separation of the sites that showed different ecological conditions. All sites with a bad EcoQ were located in the positive part of the 1 × 2 factor plane (S6, S2 and S9; Table 5 , Fig. 4) . In contrast, the sites located in the first quadrant of the factor plane had the highest percentage of sensitive species (c-p5; Similajau and Punang, S5 and S1, respectively). Classes c-p3 and c-p4 contributed primarily to the subdivision of the remaining sites (Table 5, Figs. 3, 4) . The Similajau (S5) site is located near a national park, and the protection policy that began with its establishment has likely helped to preserve the coastal area, which appears to have good EcoQ status, in accordance with DOE results. The presence of the genus Pseudocella, classified by Bongers et al. (1991) as an extreme persister belonging to the c-p5 class, represented the main contribution to the EcoQ found at this site. According to the same authors, the representatives of this family have generation times of approximately 1 year and comprise species that are very sensitive to pollutants. At the same site, Chen et al. (2012) documented a dominance of predators and epistrate feeders that are generally considered indicators of good EcoQ.
PCA also highlighted another site (Punang, S1) with a high presence of sensitive nematode species and located close to a village. In this area in 2004-2005, the DOE detected heavy fecal contamination of waters and pollution from suspended solids, likely due to the direct discharge of untreated human or animal waste. However, the overall high percentage of c-p5 allowed us to classify the area as moderate EcoQ (Table 6) .
Among the sites with bad EcoQ status was Mukah (S6), the only site that was completely defaunated, with high levels of suspended solids, hydrocarbons and heavy metals as well. Indeed, this area is characterized by a high degree of urbanization, logging and oil palm plantations. Defaunation of sediments may be a result of palm oil production, which if performed incorrectly can alter the microbiological and physicochemical properties of soil as well as deplete oxygen from the surrounding water bodies, with devastating effects on fauna (Madaki and Seng 2013) . Furthermore, both DOE and a study carried out by Sia and Abdullah (2012) showed pollution from trace elements in the area surrounding Mukan, thus confirming the anthropogenic disturbance in this locality.
Daptonema, Sabatieria, Pseudolella, Parodontophora, Metachromadora and Trileptium were the c-p2 genera that primarily contributed to the bad EcoQ status in the Limbang (S2), Niah (S4) and Kabong (S9) sites (Table 6) . No ecological data are available for these specific sites, with the exception of the DOE data (not available for Limbang in 2008 and completely absent for Kabong before 2008), which reported slight pollution levels. However, in the first DOE reports (Table 2) , the Niah site showed evidence of pollution, which supports the finding of Daptonema, Sabatieria, Metachromadora and Trileptium-genera that are all wellrecognized as indicators of stressful conditions (Bongers et al. 1991; Losi et al. 2012; Sandulli et al. 2014; Santos Zeppilli et al. 2015; Jouili et al. 2017 )-and of Parodontophora and Pseudolella, two likely colonizer genera (Soetaert et al. 1995; Semprucci et al. 2010) .
It is noteworthy that the sites with the worst EcoQ also showed low salinity values, which suggests freshwater inflows. Decreased salinity is not in itself evidence of pollution, but is typically related to riverine inflow, which is often the primary source of pollutants in coastal systems. Several studies have documented changes in assemblage structure or meiofauna and nematode diversity as a consequence of riverine inflow (Danovaro et al. 2000; Semprucci et al. 2010 Semprucci et al. , 2015b Frontalini et al. 2011 ). In this respect, H and MI showed a close and positive relation with salinity level, confirming the possible negative influence of river inflow on both. Salinity and DO seemed to be related to Shannon diversity, even more than sediment grain size, which is normally a primary factor in the structuring of meiofaunal assemblages (Ndaro and Ólafsson 1999; Adão et al. 2009 ). Moens and Somerfield (2007) argued that the lack of complete knowledge regarding the life strategies of all marine nematodes may limit the application of MI. Therefore, additional data are needed from many geographical regions in order to test the use of MI in marine habitats. Thus far, MI has proven to be a good tool for evaluating the anthropogenic impact along the Mediterranean coasts (see Semprucci and Balsamo 2014 for details), as the consistency in the trends for both H and MI in Sarawak seems to confirm.
The reliability of results obtained using nematode parameters is difficult to evaluate because of the low number of ecological studies available (Nyanti et al. 2012) . Accordingly, DOE data (from 2004 to 2008) were used for possible comparisons and inferences, even if they did not cover the entire study area over all periods (Table 2) . However, some considerations are possible. The EcoQ obtained by nematode indices was consistent with the 2008 DOE classification at Lutong, Similajau, Mukah, Jerijih and Sematan. Both classifications showed an EcoQ status from moderate to poor at Lutong, Jerijih and Sematan, and status of good and bad EcoQ at Similajau and Mukah, respectively. In contrast, nematode parameters seemed to be more sensitive to pollution than those considered in the 2008 classification at Niah and Kabong. Indeed, nematode descriptors indicated bad EcoQ status in these sites, while DOE standards revealed only slight pollution from suspended solids. However, previous DOE reports (Table 2) for these sites showed a higher level of pollution, which may have left Btraces^in the nematode assemblages living in close contact with interstitial waters of sediments and thus highly exposed to pollution (Balsamo et al. 2012) . We must emphasize that the use of the water parameters is inherently limited, as these may show strong spatial and temporal variations due to currents or wave movements. In this regard, the study of meiobenthos, and nematodes in particular, is more reliable: these organisms, lacking a planktonic phase, are closely linked to the sediment of the sampling area throughout the life span. Indeed, strong fluctuations in some water parameters were reported by Ho and Quan (2012) , who documented lower water quality than that detected by the DOE in the area of Miri, close to the Lutong river. From this perspective, the selection of EcoQ descriptors that may incorporate the response of both biotic and abiotic components of the marine ecosystem is a crucial target for contemporary ecology and may provide a more accurate classification of water quality (Casazza et al. 2002) .
In summary, this study documents the first application of nematode parameters for the ecological assessment of Malaysian sediments, and strongly suggests the need for management and conservation actions in the Sarawak coasts to ensure more sustainable use of the marine resources and to prevent loss of biodiversity. This approach should be recommended in the environmental policies of rapid growth countries, as it provides data on different and complex aspects of the coastal ecosystems, and should be adopted by environmental agencies worldwide as a synthetic and direct measure of EcoQ status. would also like to thank Universiti Malaysia Sarawak for providing the facilities and for administrative and logistic support during fieldwork. Finally, we would like to thank all the reviewers and the editor for their critical and constructive comments, which helped to improve the manuscript. 
